Age-related tree responses to climate change are still poorly understood at the individual tree level. In this paper, we seek to disentangle the relative contribution of tree age to growth decline and growth-climate relationships in Atlas cedar (Cedrus atlantica Manetti) trees at the Middle Atlas Mountains, northern Morocco. Dendrochronological methods were applied to quantify growth-climate relationships using tree-ring width indices (TRWi) calculated for cedars of two contrasting age groups (old trees, age ≥150 years; young trees, age <150 years). TRWi-climate relationships were assessed at the site and tree levels by using response functions and linear mixed-effects models, respectively. Growth of the studied Atlas cedars was negatively affected by recurrent droughts and by the steep temperature rise since the 1970s. Response functions and mixed-effects models indicated that the decline in tree growth was mainly explained by diminishing precipitation. The negative association between cedar growth and temperature was stronger in old than in young trees. Vulnerability to temperature-induced drought stress in old cedar trees may lead to an impending growth decline. We argue that the age dependence of growth sensitivity to drought must be quantified and considered at the individual tree level when predicting the future dynamics and persistence of cedar forests in the Moroccan Middle Atlas.
Introduction

23
Drought-related tree growth decline and associated increased to local scales (Allen and Breshears, 1998; Galiano et al., 2010;  36 Gonzalez et al., 2010; Linares et al., 2011) .
37
ata Ucria) tree and shrub species. The most abundant tree species,
117
beside Atlas cedar, in the stands studied was Q. rotundifolia (Linares 118 et al., 2011).
Climate data
119
To quantify temperature and precipitation trends over the sec- correlations between local and regional data were highly signifi-128 cant, we only used the local dataset to model tree growth in further 129 analyses (see Linares et al., 2011) . The annual water budget was 
136
where Z i expresses the x i score distance from the x average (x) in Q2 137 standard deviation units ( ).
138
To determine the severity and the rarity, in statistical terms, of assuming an averaged growth rate for the missing innermost rings.
170
All cores were sanded with sandpapers of progressively finer 171 grain until tree rings were clearly visible under a binocular micro-172 scope, and then were visually cross-dated. Tree-ring widths were 173 measured to the nearest 0.001 mm using a LINTAB measuring 174 device (Rinntech, Heidelberg, Germany), and cross-dating quality was checked using the COFECHA program (Holmes, 1983) .
176
The trend due to the geometrical constraint of adding a vol- cross-dated ring-width series using the ARSTAN program by using a 182 two-step detrending procedure (Cook, 1985) . Negative exponential 183 functions were first fitted to the series, and then a cubic smooth-
184
ing spline with a 50% frequency response of 100 years was fitted.
185
We acknowledge the fact that the applied detrending will limit our 186 findings to inter-annual and decadal fluctuations. the common variability in growth among all trees.
234
Linear mixed-effects models of TRWi at the individual tree level
235
We fitted linear mixed-effects models using the nlme package 
Results
267
Climate trends Although all correlations between local and regional data were highly significant (p < 0.001), we only used the local dataset to model tree growth in further analyses.
higher explanatory value of TRWi variability than PDSI-based mod-299 els (Table 1) . SPI of previous November and current January, March,
300
April and May were selected in the model with highest explanatory 301 value.
302
Age-related drought sensitivity of Atlas cedar
303
Year-to-year serial correlation (AC) was higher in old than in 304 young trees, whereas the reverse was observed in the case of mean 305 ring-width (Table 2) . The relative year-to-year variability in width of consecutive tree rings (ms x ) and the similarity in growth among 307 trees (r bt ) were similar between the two age classes.
308
Trees were grouped into cedars younger (young; n = 30) and 309 older (old; n = 23) than 150 years, respectively (Fig. 3 ). Young and Abbreviations: MW, mean ring-width; SD, ring-width standard deviation; AC, first-order autocorrelation (a measure of the year-to-year growth similarity); msx, mean sensitivity (a measure of the year-to-year variability in width of consecutive rings); r bt , mean between-trees correlation; EPS, expressed population signal (a measure of the statistical quality of the mean site chronology as compared with a perfect infinitely replicated chronology); E1, variance explained by the first principal component (an estimate of the common variability in growth among all trees at each site).
Comparisons for selected statistics were based on one-way ANOVA and different letters represent significant (p < 0.05) differences between young and old cedars.
old trees had mean ± standard deviation diameters at 1.3 m of 311 43.14 ± 9.64 cm and 108.11 ± 48.19 cm, and mean ages of 86 ± 18 312 and 243 ± 72 years, respectively.
313
Atlas cedar showed severe growth reductions during the past 314 century in 1979-1981, 1995, 1999 and 2005 (Fig. 4) , 1983; Till, 1987; Mokrim, 2009 Table 1 ) based on standardized monthly mean annual temperature, monthly precipitation index (SPI) and Palmer drought severity index (PDSI) computed by linear mixedeffects models. The variances explained for cedars younger (young; n = 30 trees) and older (old; n = 23 trees) than 150 years were compared using ANOVA tests. In the box-plot figure, error bars represent the 5th and 95th percentiles; boxes represent the standard errors; solid lines represent the median; dashed lines are the means; and points are outliers. F test values and significance levels (p) are indicated for each climatic variable.
2008; Mokrim, 2009; Allen et al., 2010; Linares et al., 2011 
405
However it should be also noted that, besides drought stress, become more limiting for growth as trees become older.
424
The higher xylem hydraulic safety found in old trees as com-425 pared with young ones (Magnani et al., 2000; Domec and Gartner, 426 2002) suggests the former display lower sensitivity to water deficit 427 than the latter ones . However, increased size 428 and structural complexity augment maintenance respiration costs 429 (Hunt et al., 1999) and reduce the efficiency of the hydraulic path-430 way, which may explain the observed growth reduction and the 431 increase in temperature sensitivity (Ryan and Yoder, 1997 exposed to more light than canopies of young trees (Bond, 2000) .
442
Increases in hydraulic resistance could reduce the supply of 443 water for transpiration and induce earlier stomatal closure to pre-444 vent xylem dysfunction through cavitation (Ryan et al., 2006) ,
445
which in turn would decrease photosynthetic rates in old trees as 446 compared with younger trees (Yoder et al., 1994; Bond, 2000 or below that an event is from the mean:
where Z i expresses the x i score's distance from the x average (x) in 517 standard deviation units ( ).
518
However, the SPI perform a pre-adjustment to this standard 519 formulation due to precipitation is typically positively skewed.
520
To adjust for this mathematical rainfall feature, the precipitation 521 data is transformed to a more normal distribution by applying the 522 gamma function (McKee et al., 1993b; Edwards and McKee, 1997; 523 Bordi et al., 2001 ).
524
The gamma distribution is defined by its frequency or probabil- 
542
The resulting parameters are then used to find the cumulative 543 probability of an observed precipitation event for the given month 
